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ABSTRACT 

NOTE:  Following  Form  B ,  Item  2B 1 ,  data  reported  for  period  of  Aug  1 ,  2014  -  Sept.  30,  2015 

This  program  conducted  experimental  and  theoretical  research  aimed  at  developing  an 
optically  driven  quantum  dot  quantum  computer,  where,  the  qubit  is  the  spin  of  the  electron 
trapped  in  a  self-assembled  quantum  dot  in  InAs.  Optical  manipulation  using  the  trion  state  (2 
electrons  and  a  hole)  allows  for  fast  (psec)  rotations  of  the  electron  spin.  The  program  achieved 
several  milestones  summarized  in  the  annual  reports.  In  this  reporting  period,  we  discovered  the 
nuclear  spin  quieting  first  discovered  in  2008  is  present  in  vertically  coupled  quantum  dots  but 
includes  an  unexpected  role  of  nonlocal  nuclear  spin  quieting.  The  final  reporting  period  shows 
the  first  measured  narrowing  of  the  hyperfine  field  distribution  resulting  from  the  nuclear  spin 
quieting.  Considerable  insight  into  the  physical  origin  of  the  nuclear  quieting  was  made  in 
theory  that  also  expanded  our  understanding  of  the  physics  of  coupled  quantum  dots  and  ways  to 
incorporate  this  system  into  a  quantum  network. 
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Introduction 

This  work  focused  on  the  study  and  development  of  single  electron  doped  semiconductor 
quantum  dots  (QD)  for  application  to  the  problem  of  optically  driven  quantum  computing  and 
future  spin  based  quantum  devices.  The  developments  in  this  field  are  based  on  the  recent 
advances  in  fabrication  and  nano-optical-probing  and  the  new  developments  of  our  own  group 
that  have  contributed  with  the  first  measurements  and  theory  in  coherent  nonlinear  optical 
manipulation  of  these  systems.  The  primary  advantage  of  the  optical  approach  is  that  it  allows 
for  device  speeds  to  be  in  the  100  GHz  region,  as  discussed  and  demonstrated  earlier  with  ARO 
support,  orders  of  magnitude  faster  than  many  competing  approaches  for  quantum  architectures. 
Also,  the  absence  of  wires  for  electrical  pulses  reduces  the  architectural  complexity  as 
dimensions  become  smaller  which  would  also  lead  to  higher  electrode  densities. 

Objective 

This  work  focuses  on  the  study  and  development  of  doped  semiconductor  quantum  dots 
(QD)  for  application  to  the  problem  of  optically  driven  quantum  computing.  The  developments 
in  this  field  are  based  on  the  recent  advances  in  fabrication  and  nano-optical-probing  that  have 
contributed  with  the  first  measurements  and  theory  in  coherent  nonlinear  optical  manipulation  of 
these  systems. 

Approach 

Our  approach  to  the  study  of  these  systems  is  based  on  the  use  of  coherent  nonlinear  laser 
spectroscopy,  coherent  transient  excitation  and  optical  control,  and  the  use  of  advanced 
materials.  The  qubit  of  interest  is  the  electron  spin  confined  to  a  semiconductor  quantum  dot. 
Coherent  control  of  the  system  is  achieved  by  coherent  optical  excitation.  Materials  are  grown 
by  MBE  and  further  processing  by  lithography  techniques  by  Dan  Gammon  and  his  group  at 
NRL.  This  group  also  uses  advanced  spectroscopy  methods  to  develop  and  demonstrate  the 
physics  of  these  structures. 

The  dots  are  self-assembled  quantum  dots  (SAQD)  in  Schottky  diodes.  Based  on  spins  in 
these  dots,  a  scalable  architecture  has  been  proposed  [Adv.  in  Physics,  59,  703  (2010)]  by  us  based 
on  the  possibility  of  single  spin  rotation  and  some  logic  gates  between  two  qubits  either  in 
neighboring  dots  or  in  distant  locations.  The  qubit  can  experience  an  arbitrary  rotation  by 
excitation  through  a  virtually  excited  trion  state  using  a  coherent  Raman  type  excitation. 
Entanglement  between  spins  in  adjacent  dots  is  accomplished  by  a  modified  optical  RKKY 
(ORKKY)  interaction  yielding  a  Heisenberg  Hamiltonian  coupling  between  the  two  spins  or 
Coulomb  coupling  between  the  trion  states  [Phys.  Rev.  Lett.  89,  167402  (2002)].  High  speed 
state  initialization  is  achieved  by  spin  cooling  techniques.  Figure  la  and  lb  show  the  basic  idea 
of  a  quantum  dot  spin  qubit  based  on  InAs/GaAs  SAQDs  shown  in  the  many-particle  picture  for 
linear  polarization  selection  rules.  Figure  la  is  the  energy  level  structure  for  a  single  dot  with 
one  additional  electron  and  Fig.  lb  is  the  energy  level  structure  for  a  coupled  quantum  dot 
system  (a  quantum  dot  molecule)  with  one  extra  electron  in  each  dot  and  coupled  by  the 
exchange  interaction  in  the  ground  state.  By  adding  a  single  electron  to  a  quantum  dot,  the 
ground  state  becomes  doubly  degenerate  spin  state  and  is  known  to  exhibit  long  relaxation  times. 
The  long  relaxation  time  is  expected  to  lead  to  long  coherence  times.  A  scalable  system  is 
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achieved  by  creating  an  array  of  dots  within  a  few  10’s  of  nanometers  of  each  other  or  clusters  of 
smaller  numbers  connected  by  flying  qubits.  With  the  discovery  of  spin  fluctuation  freezing  on 
this  program  [ Nature  459,  ppl  105-1 109  (2009)],  quantum  dot  spins  have  a  more  than  adequate 
spin  coherence  time  to  enable  error  correction. 


\% -) 


Figure  la.  Energy  level  diagram  for  a  negatively 
charged  QD  in  a  magnetic  field  in  the  Voigt  geometry 
with  linearly  polarized  light  along  the  red  and  blue 
transitions. 


Figure  lh.  Energy  level  diagram  for  a  quantum  dot  molecule  showing 
dipole-allowed  optical  transitions  between  singlet/triplet  ground  states 
and  optically  excited  states  in  the  presence  of  an  in-plane  (Voigt 
geometry)  magnetic  field.  States  consist  of  an  electron  in  the  lower  QD, 
represented  by  |±x),  and  a  trion  in  the  upper  QD,  represented  by  |  t±x). 
Here,  spin  projections  are  shown  along  +x-direction  and  +(-)  denotes 
spin  up  (down).  Blue  (red)  lines  represent  vertical  (horizontal) 
polarization. 


Scientific  Progress 

Development  of  a  2-qubit  gate  using  quantum  dot  molecules  (QDM)  and  the 
control  of  nuclear  spin  fluctuations 

We  reported  during  the  previous  funding  period  our  progress  demonstrating  initialization  of 
the  four  states  in  the  singlet-triplet  manifold  and  our  ability  to  lock  the  nuclear  spins  and  increase 
the  electron-spin  coherence  time  by  at  least  a  factor  of  500  through  nonlocal  coupling.  During 
this  final  research  period,  we  performed  additional  spectroscopy  measurements  that  has  allowed 
us  to  make  the  first  direct  measurement  of  the  impact  of  the  optical  fields  on  the  Overhauser  field 
distribution.  Using  the  various  pump  and  probe  arrangements  in  Fig.  2a  and  the  resultant 
spectral  line  shapes  recorded  in  Fig.  2b,  we  carry  out  simulations  of  the  modified  optical  Bloch 
equations  of  the  type  we  developed  years  ago  with  ARO  support  to  extract  the  corresponding 
Overhauser  field  distributions  shown  in  Fig.  2c.  The  corresponding  lineshapes  that  are  predicted 
are  shown  in  Fig.  2d.  Most  dramatic  is  the  presence  of  the  coherent  dark  state  dip  in  Fig.  2b  in 
the  presence  of  pump  3,  and  the  absence  of  pump  3,  contrary  to  the  theory  of  the  dark  state 
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resonance,  no  dark  state  dip  is  observed.  Moreover,  in  both  cases  the  overall  lineshape  deviates 
from  the  coherent  population  trapping  theory.  This  is  a  direct  result  of  the  role  of  pump  3  in 
stabilizing  the  fluctuations  in  the  Overhauser  distribution  and  narrowing  the  average  distribution. 
Fig.  2c  shows  the  distribution  obtained  by  fitting  the  theoretical  lineshape  predicted  by  the 
modified  optical  Bloch  equations.  The  clear  narrowing  of  the  distribution  is  seen  in  Fig.  2c  along 
with  an  excellent  fit  to  the  data  in  the  presence  of  the  third  pump  field.  The  effect  of  pump  of  3 
is  to  use  the  coherent  superposition  created  by  the  strong  pumps  between  the  singlet  and  the  T+ 
state  to  stabilize  the  Overhauser  field  fluctuations  and  extend  the  coherence  time  o  the  electron 
spins  to  enable  observation  of  the  dark  state  dip  between  the  S-T.  and  the  S-T+  systems, 
respectively.  A  manuscript  has  been  prepared  and  submitted  to  PRL. 
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FIG.  2.  Suppression  of  DNSP  by  optical  nuclear  spin  locking,  a.  Pump  configuration  for  T  state  preparation,  b.  Probe  absorption 
spectra  following  the  pumping  scheme  in  a.  In  the  upper  panel,  the  vertically  polarized  probe  is  scanned  in  forward  direction 
across  co4806  transition.  In  the  lower  panel,  the  probe  laser  is  scanned  in  backward  direction.  The  spectra  show  hysteresis  due  to 
DNSP  with  the  QD  resonance  seeming  to  move  away  from  the  approaching  probe  frequency,  c.  Pump  3  is  added  to  the 
configuration  shown  in  a  to  suppress  the  effect  of  DNSP.  d.  Probe  absorption  spectrum  showing  the  recovery  of  dark-state 
profile.  Solid  circles  in  the  plot  represent  averaged  data  points  obtained  from  a  series  of  7  scans  and  the  error  bars  show  standard 
deviations.  Red  solid  lines  is  the  theoretical  fit. 


The  coupled  quantum  dots  as  a  network  node 

The  isolate  two  electron  qubits  housed  in  two  coupled  quantum  dots  with  tunneling  between 
them,  as  described  above,  may  not  be  scalable  but  can  serve  as  a  node  in  a  quantum  network. 
The  new  aspect  of  the  theory  in  this  research  period  is  the  investigation  of  the  optical  control  of 
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the  minimal  set  of  quantum  gates  of  the  tunneling-coupled  two-electron  spin  ground  states  in  the 
vertically  coupled  quantum  dots  for  “universal  computation”  two  spin  qubits  within  the  universe 
of  the  spin  states  and  the  four  optically  excited  auxiliary  states.  The  preprint 
(http://arxiv.org/abs/1501.01952vl)  represents  some  preliminary  work  on  schemes  for  making  a 
minimal  set  of  gates  by  optical  control  and  applying  pulse-shaping  methods  developed 
previously  by  Sham’s  group  to  increase  the  efficiency  of  the  gates. 


Progress  on  creating  a  quantum  entanglement  between  two  quantum  dot  spins 
separated  by  a  distance 

A  key  component  in  the  teleportation  experiment  is  demonstrating  interference  between  two 
photons:  the  photon  carrying  the  information  to  be  teleported  and  the  photon  entangled  with  the 
target  qubit  (electron  spin).  Two-photon  interference  is  demonstrated  in  a  HOM-  (Hong-Ou- 
Mandel-)  interferometer.  To  advance  our  work  on  the  teleportation,  we  demonstrated  a 
functioning  HOM  by  demonstrating  two-photon  interference  between  sequentially  emitted 
photons  from  a  single  quantum  dot.  The  basic  experimental  idea  is  shown  in  Fig.  3a.  The  dot  is 
illuminated  with  a  cw  laser  and  resonant  Rayleigh  scattered  light  is  collected  and  sent  to  the  first 
beam  splitter.  Since  the  two  photons  are  emitted  at  different  times,  there  is  50%  probability  that 
they  will  take  different  paths  after  the  beam  splitter.  If  the  photons  are  not  identical  (by 
polarization,  time,  etc.),  then  they  will  not  interfere  on  the  HOM  beam  splitter  (BS2)  and  hence 
take  different  paths  giving  a  coincidence  pulse  for  some  finite  time  separation.  However,  if  the 
photons  are  identical  and  overlap  in  time,  they  will  interfere  constructively  and  both  will  take 
one  path  or  the  other,  resulting  in  no  coincidence.  Hence,  the  coincidence  rate  falls  to  zero  in  the 
ideal  case  for  a  zero  coincidence  time.  The  experimental  data  in  Fig.  3b  shows  a  strong  dip  in 
the  coincidence  rate  for  the  time  difference  at  t=0.  A  second  dip  on  each  side  of  t=0  is  due  to  a 
weaker  interference  coming  from  photons  emitter  earlier  corresponding  to  the  fixed  path  length 
difference  between  the  two  arms.  The  oscillations  in  the  data  not  included  in  the  theory  arise 
from  a  weak  Rabi  oscillation. 
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Figure  3a.  Experimental  configuration 
for  demonstrating  two-photon 
interference  from  sequentially  emitted 
photons  from  a  single  quantum  dot. 
The  second  beam  splitter  forms  the 
HOM  interferometer  for  identifying 
indistinguishable  photons. 


Two-Photon  Interference  For  Identical  Polarization 


Figure  3b.  Data  showing  two  photon 
interference  from  sequentially  emitted 
photons.  The  x-axis  represents  the 
time  difference  recorded  by  the 
coincidence  detector.  When  two 
photons  interfere  constructively  on 
the  second  beam  splitter,  no 
coindidence  is  detected.  A  deep 
minimum  occurs  at  t=0  showing  a 
high  degree  similarity  between  the 
two  photons.  The  secondary 
resonances  shows  a  drop  in 
coincidence  at  the  time 
corressponding  to  the  path  length 
difference  in  the  interferometer. 
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